Neurostimulation of the spinal cord or brain has been used to inhibit nociceptive signals in pain management applications. Nevertheless, most of the current neurostimulation models are based on open-loop system designs. There is a lack of closed-loop systems for neurostimulation in research with small freely-moving animals and in future clinical applications. Based on our previously developed analog wireless system for closed-loop neurostimulation, a digital wireless system with real-time feedback between recorder and stimulator modules has been developed to achieve multi-channel communication. The wireless system includes a wearable recording module, a wearable stimulation module and a transceiver connected to a computer for real-time and off-line data processing, display and storage. To validate our system, wide dynamic range neurons in the spinal cord dorsal horn have been recorded from anesthetized rats in response to graded mechanical stimuli (brush, pressure and pinch) applied in the hind paw. The identified nociceptive signals were used to automatically trigger electrical stimulation at the periaqueductal gray in real time to inhibit their own activities by the closed-loop design. Our digital wireless closed-loop system has provided a simplified and efficient method for further study of pain processing in freely-moving animals and potential clinical application in patients.
Introduction
Chronic pain has been considered a significant public health problem since pain suffering not only affects the individual's quality of life but also a variety of social factors and the national economy [1] [2] [3] [4] [5] . Studies of large populations from North America, Western Europe, New Zealand and Australia show that chronic pain is the most commonly perceived symptom in adults [6] [7] [8] [9] . However, most patients with chronic pain do not obtain adequate relief or experience unacceptable side effects from existing treatments by chemical means [10] . Therefore, * Groups 1, 2 and 3 contributed equally to this project. 4 Author to whom any correspondence should be addressed.
an alternative option is needed. Neurostimulation can be considered for this purpose since it has been adopted for other clinical disorders that are resistant to conventional methods including Parkinson's disease, tremor and dystonia [11, 12] . However, the current stimulator implants are operated in an open-loop fashion by which the doctors can only trust the degree of pain from patient's verbal description using the widely used pain intensity scales before they can suggest proper stimulation parameters [13] . Because of the subjective nature of pain perception and a lack of physiological indicators for pain as quantitative values, it becomes critical to define proper objective physiological parameters and use them to control pain by neurostimulation.
Spinal cord dorsal horn neurons are second-order neurons that not only receive primary afferent inputs from the periphery, but also receive descending inputs from supraspinal sources. Anatomically, spinal dorsal horn has laminar organization. Lamina I and II just beneath the dorsal surface of the spinal cord contain mostly small nociceptive specific neurons. Deeper laminae (III-VI) have larger wide dynamic range (WDR) neurons. Physiologically, nociceptive specific neurons in the superficial laminae have a higher threshold (HT) to be activated; low threshold (LT) neurons respond most actively to low intensity stimulation; WDR neurons respond to a full spectrum of stimulus intensity with a graded response pattern. Recording of WDR neurons in the spinal cord dorsal horn has been demonstrated as an effective way to quantify the responses to noxious stimuli and differentiate it from other innocuous stimuli [14] [15] [16] . The processed signals could be integrated in the algorithm to determine appropriate parameters for stimulation in a closed-loop manner. For different pain management purposes, neurostimulation has been shown effective in various locations of the nervous system, including spinal cord, motor cortex [17, 18] , somatosensory cortex [19] , anterior cingulate cortex (ACC) [20, 21] and deep brain structure such as periaqueductal gray (PAG) [22] . Among these structures, PAG plays a critical role in the modulation of descending inhibitory pathways [23] , and therefore was chosen as the stimulation target to validate our device in animal models.
Owing to recent advances in fabrication and assembly technologies in electronics, miniature, low-power and high performance wireless transceivers have been developed and they may be suitable for implantable neural signals recording [24] [25] [26] [27] or electrical stimulation [28] . Meanwhile, the closedloop mechanism, which has been widely implemented for control systems in many applications, could provide advantages in neuroscience research allowing real-time feedback for stimulation control. The concept has been demonstrated, albeit with a wired system preventing the animals from behaving freely [29] . A wireless closedloop system that could provide real-time neural activities monitoring and consequentially reconfigurable stimulation is thus needed. Based on our previously demonstrated analog system [30] , a digital wireless multi-channel communication system with a custom-made real-time feedback software between the recording and stimulating modules worn by the animals was developed with the purpose of avoiding interference in wireless transmission as well as enhancing extensibility and scalability for multiple data-pipe applications. The performance of the system was tested in an established anesthetized animal model for nociception. Preliminary results have been reported in [31] . In this demonstration, our digital system continuously recorded and monitored the neural activities of WDR neurons in the dorsal horn spinal cord by (1) detecting the action potentials (APs), (2) recognizing the nociceptive activities produced by peripheral-graded mechanical stimuli; and (3) initiating electrical stimulation in the targeted brain site to inhibit the recognized nociceptive signals whenever necessary.
Materials and methods

System overview
The system includes a wearable wireless recorder module, a wearable wireless stimulator module and a host computer control unit connected with two transceivers. Shown in figure 1(a) , WDR neuronal signals were recorded with a needle electrode from the spinal cord dorsal horn neuron, and transmitted wirelessly to the receiver that was connected to the host computer via universal serial bus (USB). A laboratory virtual instrument engineering workbench (LabVIEW, National Instruments Corporation) program was used to display the signals in a custom-made graphic user interface (GUI) and stored simultaneously in a computer hard drive with digital format for future analysis. The software extracted the neuronal signals, processed the AP data, and made decisions on stimulation parameters. The transceiver then wirelessly sent the stimulation commands via the transmitter USB dongle to the wearable stimulator module to initiate brain stimulation. Figure 1(b) shows both the realtime waveform display panel and the stimulating parameter control panel in the program. Photos of the recorder, stimulator, and USB dongle are shown in figure 1(c).
Recording subsystem
The wireless recorder board worn by the rats (figure 1(c)) was 27 mm in diameter, 8 mm thick and weighed 12 g, including a 3 V lithium battery (CR2032, Renata Batteries). Figure 2 shows the circuit diagram. With a virtual reference point, two divider resistors, R 10 and R 11 , were used to provide a 1.5 V virtual ground for the single-supply operational amplifiers, so both positive and negative cycles of the APs could be amplified bi-directionally [32] .
Several constraints were taken into account at the first stage of the analog input path due to the weak and noisy neuronal signals [33] . A high common mode rejection ratio (CMRR) differential amplifier was preferred to eliminate the common noises presented at both the recording and the reference electrodes. An integrated instrumentation amplifier (INA333, Texas Instruments) was chosen as the pre-amplifier because of its small size, low power and accuracy. It had a high CMRR of 100 dB, high input impedance of approximately 100 G and a low input bias current of 200 pA. INA333 was suitable as amplifier for single-battery-operated systems because it could operate with a power supply as low as 1.8 V, and the quiescent current was limited at 50 μA [34] . The gain was set with a variable resistor R G of 10 k as 11.
After the pre-amplifier stage, the signal was amplified by a two-stage non-inverting amplifier circuit (OPA2333, Texas Instruments) with an amplification of 400. Applying the Q-enhanced sallen-key topology, C 3 , C 4 , R 2 , R 3 , R 6 , R 7 , C 5 and C 6 were optimized to compose a sharp-cutoff pass-band from 300 Hz to 5 kHz [35] . The total gain of the analog front-end circuit was 4400.
The analog neuronal signals were then digitized by an 8-bit internal ADC in the microcontroller (MCU) (C8051F920, Silicon Laboratories) with a 10 ksps (kilo samples per second) sampling rate. The digital data were transmitted wirelessly through radio to the receiver with a single 2.4 GHz transceiver chip (nRF24L01, Nordic Semiconductor). The microcontroller configured and exchanged the data with the nRF24L01 through an enhanced serial peripheral interface (SPI) in the 3-wire master mode, and the maximum data transfer rate (bits/s) is half of the system clock frequency at 12.5 MHz. An embedded baseband protocol engine (Enhanced ShockBurst TM ) transceiver chip (nRF24L01) controlled by a microcontroller (C8051F340, Silicon Laboratories) was operated in the Rx mode to receive the radio data at 2.4 GHz and feed the data to the host computer. C8051F340 is a fully integrated mixed-signal system-on-a-chip MCU that integrates with a full-speed (12 Mbps) USB function controller and contains 1 kB USB buffer memory.
Stimulation subsystem
The wireless stimulation subsystem consisted of a wireless stimulator module worn on the rat and a transmitter module combined in a USB dongle. The stimulator module generated stimulation pulses upon the reception of commands sent wirelessly from the control computer. The transmitter USB dongle shared the same design of hardware with the receiver USB dongle except it was set at the Tx mode. The frequency (from dc to 1 kHz), duration (from 0.5 to 100 ms) and voltage (from 0 to 6 V) of the stimulation pulses were adjustable by the users in the control panel of GUI. An amplifier A 1 (TLV2771, Texas Instruments) was set between the digital-to-analog convertor (DAC) and the stimulator electrode probe to provide the standardized voltage amplitude and enhance the load driving ability (figure 3). The wearable wireless stimulator module for the rats was 27 mm in diameter, 12 mm thick and weighed 15 g, which included two CR2032 lithium batteries ( figure 1(c) ). was chosen to acquire the WDR neuronal signals, which should be sufficient because the duration of extracellularly recorded APs signal was typically in the millisecond ranges [36] . It is known that the amplitudes of APs are much higher than those of background noises. Thus a simple threshold (positive threshold) method was chosen for spike detection due to its acceptable accuracy and simplicity of implementation [37] that has been demonstrated previously by the authors [38] . The simple threshold method alleviated the requirements for computing power in the size-limited wearable module. As shown in the flow chart (figure 4), following data acquisition, the spike detection algorithm detects the peaks for which the amplitude (V p-p ) is higher than the applied positive threshold (V set ). The program recognizes these as possible APs. A proper threshold voltage could be set and adjusted by the user depending on the neuron responses. Because the single microelectrode in the spinal cord may record from several neurons near the active tip of the electrode, and different neurons fire APs with different amplitudes and phases [39] , the results of detection algorithm reflect the comprehensive contribution of multiple neurons after a certain positive threshold voltage is chosen. In our experiments, the WDR neuron was specifically targeted during the search of recording neuron. The background signals with lower amplitudes were ignored by the algorithm assuming the larger signals came from the targeted WDR neuron. This quick AP recognition approach aiming for realtime, low computing-power, consequentially introduced lower accuracy in nociceptive signal recognition, compared to other sophisticated recognition methods. Owing to the redundancy of raw data stored in the hard drive, off-line analysis could be conducted with more rigorous methods (thus more timeconsuming and requiring more computing power) for AP signal recognition and used to compare with our quick realtime single-threshold algorithm to find the relative accuracy of our computationally efficient recognition.
Nociceptive neural activity detection.
The most common approach to analyze how neurons respond to peripheral stimuli is to compare the number of spikes elicited by a stimulus within a period of time [15] . Total spike counts typically vary across a stimulus set, indicating some degree of discriminability on stimulus intensities. Detected with the preset signal amplitude threshold, the recognized AP spikes were counted by a counter within a certain time. If the sum of APs within the defined bin size of time exceeds a predetermined level called critical threshold (the 'x' in figure 4), the program recognizes the series of APs as nociceptive. Users could adjust the bin size of time and critical threshold in the detection algorithm to calibrate accurate detection of different neural activities related to various stimuli (brush, pressure, and pinch in our animal experiments). In this study, the time bin size was set at 1 s, considering the balance between the accuracy of nociceptive signal detection and the delay of stimulation trigger responses. The critical threshold was set as arithmetic average value of AP counts between brush and pinch stimuli, such that the system recognized marginal noxious (pressure) and noxious stimuli (pinch) as nociceptive.
Electrical stimulation.
A command to start the electrical stimulation was sent instantly when the nociceptive neural activity was recognized as noxious. The stimulation parameter panel was designed to vary frequency, amplitude and pulse width of stimulation based on the recorded neuronal signals. Our pilot study showed that a series of electrical pulses with an amplitude of 1.5 V or 2 V, at a frequency of 100 Hz, and a pulse width of 1 ms were sufficient for inhibiting nociceptive neural activities [30, 38] , as also suggested by other researchers [40] . Following each trigger of electrical stimulation, the software continued looking for the next noxious signals closing the loop between the body and computer software incessantly. ) at a fixed rate of 0.02 ml min −1 to maintain anesthesia during data acquisition. A 3-4 cm laminectomy was performed to expose the lumbosacral segment of the rat spinal cord. The spinal cord was immobilized in a stereotaxic frame and covered with mineral oil. A cannula was inserted in the trachea for artificial respiration when needed. The end tidal CO 2 was maintained at around 30 mmHg and the body temperature was maintained at 37
• C using a feedback controlled heating pad and a rectal thermal sensor probe. All surgical procedures were approved by the University of Texas at Arlington Institutional Animal Care and Use Committee, which were in accordance with the guidelines published by the International Association for Study of Pain [41] .
Recording sites.
A tungsten microelectrode with a resistance of 10-12 M (FHC) was used for electrophysiological recordings of the spinal cord dorsal horn neurons where primary afferent fibers terminate. Neurons in the left L5 region were targeted and at least one WDR neuron in each recording track was included. Real-time signals were used in the feedback processes of our algorithm in the wireless closed-loop while the raw signals were recorded through the widely used data acquisition equipment CED 1401Plus by cable. Spike2 software (Cambridge Electronic Design) was used in the off-line spike identification (serve as the goldstandard) to compare with the performance of our algorithm [38] .
Stimulating sites.
The PAG is a well-known target for eliciting descending inhibition, a phenomenon from which the brain inhibits nociceptive sensory activities at the spinal level. A craniotomy was made to expose the brain surface above PAG. A bipolar stimulating electrode (SNE-100, FHC) was placed in the PAG, 7 mm caudal to bregma, 0.5 mm lateral to the midline and 5.5 mm deep from the brain surface [42] . After each experiment, the brain was extracted and immerged in 10% formaldehyde solution. Brain slices were obtained at a thickness of 80 μm, stained with thionin, and mounted on slides for histological verification of the stimulation electrode track. The site of the stimulation electrode was localized and verified under a microscope.
Mechanical stimuli.
Graded mechanical stimuli (brush, pressure and pinch) were applied to a receptive field of the hind paw to evoke neuronal responses in the spinal cord [30] . Brush was applied by a camel hair brush moving over the receptive fields in a rhythmic fashion which was innocuous.
Pressure was applied by a venous bulldog clamp (6 cm long, straight, serrated jaws) which was between innocuous and noxious. Pinch was applied by an arterial bulldog clamp (3 cm long, straight, serrated jaws) as a noxious stimulus [30] .
A series of animal experiments were done to determine the optimal parameters for electrical stimulation. The tests were conducted in the control, electrical stimulation and recovery periods with the sets of mechanical stimuli (brush, pressure and pinch) applied during each period with an interval of 90 s. One typical neuronal recording lasted approximately 650 s and consisted of the following sequence: the control period (baseline 20 s, brush 10 s, rest 20 s, pressure 10 s, rest 20 s and pinch 10 s); electrical stimulation period at 0.5 V, 1.0 V, 1.5 V, 2.0 V and 2.5 V (same sequence as in control), then followed by the recovery period (same sequence as in control). The inter-period interval was 20 s. In the electrical stimulation periods, 5 s after the onset of mechanical stimulus, electrical stimulation was triggered and turned on for 2 s at the specified voltage with a frequency of 100 Hz, and a pulse width of 1 ms. The extent of PAG-induced inhibition was expressed by the change of responses and the ratio of responses between during stimulation and before stimulation. The change of responses was expressed as the average activity (spikes/s) during the 10 s mechanical stimulus; whereas the ratio was expressed as the response when 2 s PAG stimulation was turned on (from 5th to 7th s) divided by the response in the 2 s period (from 3rd to 5th s) immediate before the stimulation was triggered.
Statistical analysis
For analyzing the effects of PAG electrical stimulation initiated by wireless stimulator on spinal cord WDR neurons, a 3 (mechanical stimulation: brush, pressure, and pinch) × 7 (electrical stimulation: 0 V as control, 0.5, 1, 1.5, 2, 2.5 V and 0 V as recovery) mixed factorial design was applied and followed by post-hoc Fisher LSD test (STATISTICA, StatSoft, OK). Comparisons between control and feedback system operation were examined to determine if the rates of APs were significantly reduced by electrical stimulation. All data were expressed as mean ± SEM. The significance was set at p < 0.05.
Results
Recording system performance
The device was tested with synthesized sinusoidal waveforms as inputs and the output signals were recorded. The frequency response was measured from 60 Hz to 10 kHz with the 500 μV p-p input signals (figure 5). The system gain at 1 kHz was 73.18 dB. The 3 dB bandwidth of the systems spanned from 300 Hz to 4 kHz. The gain in the pass-band stayed flat owing to sufficient sampling rates and filter bandwidths so that there should not be any significant signal distortion to the AP waveforms.
The recorder module was used in an anesthetized rat to record neuronal activities. Figure 6 shows typical (a) wirelessly recorded APs that were analyzed by our simple threshold method, compared with (b) the results from the wired commercial device (CED 1401Plus) and analyzed by Spike2 off-line. The rates of APs in (a) and (b) show the same trends with some differences. This is due to the different spike detection algorithms in our wireless system (simple threshold) and the Spike2 (template match). The expanded details of AP waveforms and background noises in a small time window are compared in figure 6(c) showing identical AP peaks and similar noise levels. This means the wireless system truthfully reserved the APs and their waveforms with sufficient signal to noise ratios.
Spinal dorsal horn neurons inhibition by PAG stimulation
Representative responses of a spinal cord dorsal horn WDR neuron are shown in figure 7 to indicate the inhibition effects in PAG with different electrical stimulation parameters (voltages from 0.5 to 2.5 V with 0.5 V increment, 1 ms duration and 100 Hz rate).
Sixty-two WDR neurons from five rats were recorded wirelessly for statistical analysis of the effects by the electrical stimulation of PAG with the wireless stimulator module. A 3 × 7 repeated-measure ANOVA analysis using raw data indicated that there was a main effect of mechanical stimuli (brush, pressure, and pinch), F (2, 80) = 53.300, p < 0.001; a main effect of electrical stimulation of PAG, F (6, 240) = 5.497, p < 0.001; an interaction between mechanical stimuli and electrical stimulation, F (12, 480) = 5.961, p < 0.001. Fisher LSD post-hoc test revealed that electrical stimulation induced significant inhibition of WDR responses to pressure and pinch compared to control ( figure 8(a) and table 1a) .
For the response ratio, a 3 × 7 repeated-measure ANOVA analysis using the ratio data indicated that there was a main effect of mechanical stimuli (brush, pressure, and pinch), F (2, 76) = 13.470, p < 0.001; a main effect of electrical stimulation of PAG, F (6, 228) = 7.522, p < 0.001; no interaction between mechanical stimuli and electrical stimulation, F (12, 456) = 1.014, p > 0.05. Fisher LSD post-hoc test revealed that electrical stimulation in PAG caused significant inhibition of WDR responses to brush (at 1.5-2.5 V), pressure (at 1-2.5 V), and pinch (at 1.5-2.0 V) significantly (figure 8(b) and table 1b). 
Real-time closed-loop inhibition of nociceptive signals
To verify the functionality of the digital closed-loop wireless system, neuronal activities during stimulation periods compared to those in the control and recovery periods were examined. Three trials were included in one experimental session (135 s in each trial, including baseline 30 s, brush 15 s, rest 30 s, pressure 15 s, rest 30 s, and pinch 15 s), as shown in one representative recording ( figure 9 ). The suppression of the neuronal activities to nociceptive stimuli during the electrical stimulation was obvious (figures 9(b) and (e), indicated by arrows) for pressure and pinch stimuli, but not for brush. In this particular experiment, parameters of electrical stimulation were set at 1.5 V, 100 Hz, and a pulse width of 1 ms. As a measure for system responses to graded mechanical stimuli, when the pre-defined threshold was met the stimulator module was triggered, and the number of electrical stimulation trains was obtained for each mechanical stimulus. For instance, in the representative trace ( figure 9(b) ), the numbers of stimulation trains (1s for each train) during pressure and pinch stimuli were six and seven, respectively. During the brush stimulus, there were three out of 41 dorsal horn neurons that had triggered stimulation in the 1.5 V group; and four out of 37 in the 2 V group. The average number of electrical stimulation trains initiated during the brush stimuli was almost zero, indicating that the brush stimulus was accurately recognized as innocuous by our algorithm. The numbers of trains elicited by pressure and pinch stimuli were significantly higher than that by brush ( * * * p < 0.001, figure  10 ). The average number of stimulation trains triggered during the pinch stimulus (9.00 ± 0.32 spikes s −1 for 1.5 V, and 5.78 ± 0.28 spikes s −1 for 2 V) was significantly greater than that during pressure (5.27 ± 0.38 spikes s −1 for 1.5 V, and 4.19 ± 0.31 spikes s −1 for 2 V; p < 0.001, in figure 10 ). Furthermore, the number of stimulation trains was significantly lower at the stimulation intensity of 2 V than that at 1.5 V for pressure ( + p < 0.05) and pinch ( +++ p < 0.001). Seventy-eight neurons were included to analyze the effect of electrical stimulation in PAG on WDR dorsal horn neuron by using our closed-loop wireless stimulator system. Two different voltages of 1.5 V and 2 V were tested for comparison. Since brush stimulus barely evoked any electrical stimulation as it was not defined as noxious, the effect of automatically triggered PAG stimulation on spinal cord dorsal horn neurons in response to pressure and pinch were analyzed for stimulation at 1.5 V and 2 V. A 2 (pressure and pinch) by three (control, stimulation, recovery) repeated measure ANOVA figure 11(a) .
For the group of neurons that triggered PAG stimulation at 2 V (n = 37), there was a main effect of mechanical stimuli: F (1, 40) = 19.562, p < 0.001; a main effect of electrical stimulation of PAG: F (2, 80) = 17.620, p < 0.001; an interaction between mechanical stimuli and electrical 
Discussion
In this study, a digital closed-loop feedback system has been developed that consists of wireless recorder and stimulator modules, a reconfigurable algorithm in custom-made user interface, and transceivers to host computers for automatic triggering of electrical stimulation commands according to detected neuronal activities. This system could recognize in real time dorsal horn nociceptive signals induced by graded mechanical stimuli (brush, pressure and pinch) and suppress the nociceptive signals in neurons by initiating and delivering electrical stimulation in PAG. The digital wireless system does not need additional data acquisition unit such as USB-6008 (National Instruments) or CED 1401Plus (Cambridge Electronic Design) in comparison with our previous analog system [30, 38] . The digital communication system provides scalability that allows multiple modules to exist in the body area network or multiple units co-exist in a laboratory for monitoring multiple animals. Therefore, it provides a feature of being easily extended to suit the strategy of portable personal medicine that could be integrated within a mobile clinical information system [43] . The combined digital wireless recorder and stimulator modules are smaller and lighter (27 mm in diameter, 20 mm thick and weighing 27 g including three 3 V CR2032 lithium batteries) than our previous analog module (2.5 cm × 5 cm × 2.7 cm volume and weighing 44 g, with two 6 V 2CR1/3N lithium batteries) making it more comfortable for smaller animals to wear. The digital wireless closed-loop system operates with low power consumption. With two CR2032 batteries in the stimulator and one in the recorder, experiments showed that recording could last 39 h with a total current consumption of 6 mA while the transmitting radio was on. The stimulation could last more than 100 h, with 2 mA current consumption while the receiving radio was off and 15.5 mA while the receiving radio was on. The radio chip nRF24L01 on the stimulator was switched to the power-down mode as after stimulation was initialized to save energy. The radio chip then automatically woke up after the stimulation command completed its pulse trains to listen to the next wireless command. This feature was to address the high instantaneous current dissipation for the radio receiving operation which could be as high as 13.5 mA. With a shortened duty cycle to receive stimulation commands, the battery usage time was greatly increased.
The recording module was packaged with biocompatible polydimethylsiloxane (PDMS) to prevent electrical shortcircuit. The packaging added less than 1 mm in thickness and 3 g to the device. The packaging was sufficient for experiments with freely moving rats as they did not experience limitation on mobility nor discomfort by the module. Future strategies for implants in clinical applications should consider further miniaturization, development of reliable recording electrodes and designs toward FDA-approval requirements. Surface mount components and application-specific integrated circuits (ASICs) can further reduce the footprint of the circuit board. Flexible surface electrode arrays have been investigated by researchers and considered as an option for chronic implant electrodes owing to their compatibility in biomechanics to tissues [44, 45] . Our device architecture allows the electrical and physical connection of such electrodes to the recorder adding adaptability to future technologies of safe electrodes upon their availability. Another strategy is the field potential recording by surface electrodes. For example, recording on the surface of spinal cord or electrocorticography (ECoG) activities in the brain in response to graded thermal or mechanical stimuli has been under investigation by our group.
We have demonstrated that our wireless recording subsystem could record neuronal signals with the same quality as the wired system CED 1401plus (figure 6). We also verified that our stimulating subsystem could achieve inhibition when PAG was stimulated (figures 7 and 8), and electrical stimulation was properly triggered according to the neural activities. The results were also statistically validated in animal experiments. Our wireless closed-loop system showed almost no stimulation artifacts in the recorded waveforms (figures 7 and 9) because of the good electrical separation between simulation site and recording site. This is critical to correct operation of our closed-loop wireless system, because stimulation artifact could contribute and interfere with our built-in algorithm (simple threshold spike detection method), which is used to trigger neurostimulation. However, this is not unique to the wireless system. During validation of our animal models, we also found the wired recorder and stimulator, when not placed correctly, would also generate artifacts from electrical crosstalks due to the shared electrical ground and signal propagation through skin tissues. The performance of the closed-loop system was demonstrated in animal models with real-time recognition of nociceptive signals and used the signals to trigger electrical stimulation to PAG. As PAG is a well-known midbrain descending inhibitory structure involved modulation of ascending nociception, it is expected to achieve inhibition of the nociceptive inputs in the spinal cord. The efficacy was demonstrated in real time with our wireless closed-loop system and verified statistically by the off-line analysis utilizing the Spike2 program as a comparison standard. Because the APs elicited by the pinch stimuli were more than those by pressure stimuli, it was expected and verified to see more neurostimulation trains initiated by the stimulator during pinch, as shown in figure 10 . In addition, there was nearly no initiation of electrical stimulation for the brush stimuli because it was defined as innocuous in our algorithm. The algorithm was designed for a practical reason: when this type of closedloop system is implanted in a patient with chronic pain, it should avoid trigger electrical stimulation by innocuous inputs, such as touch or light pressure. The algorithm allowing user to define noxious and innocuous levels by him/herself also showed advantages in quicker detection of nociceptive signals and consequential quicker initiation of stimulation compared to our previous ISI detection algorithm [38] because time bin size was fixed at 1 s in the our current system while the bin size of the ISI-based spike recognition method was dynamic depending on the neuronal responses and relative accuracy. It should be noted that the simple threshold method had the advantages of quicker responses to noxious stimuli and less computing power requirement, the inter spike interval (ISI)-based algorithm requiring more complex processing could recognize different classes of noxious stimuli.
Further improvement in the algorithm may be needed to address more sophisticated issues in animal experiments. Neural activity in brain areas involved in the emotional component of pain (e.g., ACC, or insula cortex) will be recorded, together with recording at sensory pathways (e.g., ventroposterior lateral nucleus of the thalamus or primary somatosensory cortex) as another important strategy to decipher the nociceptive input. With the combined analysis of neural information, it is possible to determine the weights of objective physiological parameters that can be used to trigger optimal brain stimulation. In addition, recording from brain structures, either at single cell level or field potentials, may provide better stability for long-term recording than from the spinal cord. It may provide a better practical clinical application in the future. In this demonstration, a simple stimulation strategy considering only two states as on or off decisions to trigger electrical stimulation was set in the algorithm and the inhibition was presented as a discrete form (figure 9). It would be more applicable to nociceptive inhibition if the patterns of electrical pulse generation could be controlled by the pre-classified neuronal inputs. In such a case, the continuous feedback system can optimize the outcomes by regulating the doses of stimulation according to the detected neural activities.
Conclusion
We have developed a digital closed-loop wireless system that can record neuronal activities and use them as inputs to generate desired electrical stimulation outputs with a user-defined algorithm. The system consists of a wearable recorder and stimulator that wirelessly communicate with a host computer via transceivers. The efficacy for nociception inhibition of closed-loop stimulation using the feedback system has been demonstrated statistically in anesthetized animal models. The wireless devices are sufficiently small for a small animal to wear. This system provides an easy-to-operate instrument and allows researchers to conduct freely-moving animal experiments to study neuroscience with reconfigurable feedback algorithms.
